Abstract Acute exacerbation of idiopathic pulmonary fibrosis (IPF) occurs in approximately 10 % of IPF patients annually, and is a leading cause of morbidity and mortality in this disease. Although currently defined as idiopathic acute worsening, acute exacerbation of IPF may in fact have a variety of causes, in particular infection and aspiration. Central to the pathobiology of clinically meaningful events is a diffuse injury to the IPF lung, manifest histopathologically as diffuse alveolar damage, and biologically as accelerated alveolar epithelial cell injury or repair. On the basis of these recent observations, we propose a new conceptual framework for acute exacerbation of IPF that removes the idiopathic requirement and focuses on the pathophysiological mechanism involved.
Introduction
Idiopathic pulmonary fibrosis (IPF) is a progressive interstitial lung disease of unknown cause. The reported median survival for patients with IPF is approximately three years from the time of diagnosis, and there is no clearly effective therapy that improves survival [1••] . IPF patients experience episodes of acute respiratory worsening that result in substantial morbidity and mortality [1••, 2, 3••] . Although known causes of acute respiratory worsening, for example pneumonia, heart failure and thromboembolism, account for a proportion of these episodes, many remain idiopathic after clinical review. Idiopathic episodes of acute respiratory worsening have been termed acute exacerbations of IPF [2, 4] . This paper will review the current understanding of acute exacerbations of IPF (AE-IPF) and propose a new conceptual framework for thinking about acute exacerbation in IPF patients.
Definitions
Acute exacerbation of IPF was first defined by Kondo, in 1989 , as an acute, clinically significant respiratory worsening of unidentifiable cause, in a patient with underlying IPF [5] . Kondoh et al. further developed this concept [4] . Restricting diagnosis of acute exacerbation of IPF to idiopathic events distinguished IPF from other chronic lung diseases, e.g. asthma and chronic obstructive pulmonary disease, where definitions of acute exacerbation are not limited to idiopathic cases.
In 2007, the IPF Clinical Research Network (IPFnet) proposed diagnostic criteria for AE-IPF on the basis of the criteria of Kondo, Kondoh, and others (Table 1) [2] . Acute exacerbation was defined by: subjective worsening of dyspnea within the prior 30 days; new bilateral opacities on high-resolution computed tomography (HRCT) of the chest; no evidence of infection on endotracheal or bronchoalveolar lavage analysis; and the exclusion of other causes. Patients with idiopathic respiratory worsening who failed to meet all of the above criteria were diagnosed with suspected acute exacerbation of IPF.
These diagnostic criteria have enhanced our understanding of a previously under-appreciated aspect of the natural history of IPF. Fundamental to their adoption, however, is the assumption that idiopathic acute respiratory worsening in IPF is a distinct clinical entity that should be distinguished from acute respiratory worsening of known cause. That is, AE-IPF is assumed to have a unique cause or pathobiology that has therapeutic or prognostic implications. In our opinion, data published over the last several years questions the validity of this assumption. As we will discuss below, we believe this has implications for our understanding of acute exacerbation of IPF.
Incidence
Acute exacerbation of IPF occurs with an estimated incidence of 5-15 % per year, with lower estimates typically arising from the placebo cohorts of clinical trials [6] [7] [8] [9] and higher estimates from observational cohorts [3••, 10, 11] . This variability is probably attributable to differences in patient characteristics (in particular severity of physiological impairment) between cohorts, and to the logistical challenges of identifying AE-IPF in multicenter clinical trials.
Risk factors
Several risk factors for AE-IPF have been suggested, including reduced baseline lung function (in particular reduced forced vital capacity (FVC)), increased dyspnea, a history of coronary artery disease, and pulmonary hypertension [3••, 11-13] . These suggest that acute exacerbation of IPF is more common in patients with more advanced disease. Prednisone use has been associated with an increased risk of AE-IPF in retrospective cohorts; however, it is difficult to exclude confounding by indication (i.e. that patients were getting prednisone because of the severity of their disease or because they were experiencing exacerbation) [3••, 13] . Never having smoked cigarettes has been associated with an increased acute exacerbation risk [3••] . There seems to be a seasonal pattern to AE-IPF, with increased frequency of exacerbation during the winter months [12] [13] [14] . Patients with a history of AE-IPF have more than four times the risk of future AE-IPF events [15] . Other descriptive cohorts have identified subsets of patients who have experienced multiple AE-IPF over time, but it is unclear whether this phenomenon arises from patient-specific or environmental factors.
Clinical presentation
Acute exacerbation of IPF can occur at any point during the course of IPF and may be the presenting manifestation of disease. When the latter occurs, characteristic radiography and pathology findings are essential for diagnosis. Patients with acute exacerbation typically present with symptoms of worsening dyspnea, cough and fever [1••, 2] . By definition, AE-IPF is associated with new bilateral radiographic opacities on HRCT that can be peripheral, multifocal or diffuse in distribution [16] . The pattern of radiographic involvement has prognostic implications (see below).
Surgical lung biopsy of patients with AE-IPF usually identifies acute and organizing diffuse alveolar damage (DAD), with a predominance of organizing pneumonia, and extensive fibroblastic foci occasionally observed [17, 18] . Whether the latter indicate sampling error is unknown. In most cases, dense, established fibrosis with or without microscopic honeycombing will also be present [19] . These findings, and exuberant fibroblastic foci, distinguish AE-IPF from isolated DAD.
Diagnostic work-up
There is no standardized work-up for patients presenting with possible AE-IPF, but testing often focuses on trying to identify a treatable underlying cause of respiratory worsening, for example infection, pulmonary embolism, or congestive heart failure. Computed tomography-angiography is very useful for evaluating most of these possibilities and should be performed for all patients. The necessity of bronchoalveolar lavage in testing for infectious agents is less clear to many clinicians, because the sensitivity of most microbiological tests is poor; empirical therapy is often started regardless. There is also a risk that bronchoscopy will worsen the hypoxemia of non-intubated patients with high baseline oxygen requirements; a sputum or nasopharyngeal swab can almost always be sent in these cases. For intubated patients, a bronchoalveolar lavage or an endotracheal aspirate can usually be obtained safely and easily. We believe use of surgical lung biopsy for an established IPF patient with possible AE-IPF should be discouraged, because of the high risk of peri-operative morbidity and mortality and the low probability of altered management or prognosis. 
Etiology of acute exacerbation of IPF
The most commonly stated etiological hypothesis for AE-IPF is that it is an acute, intrinsic acceleration of IPF disease progression. It is also possible that AE-IPF indicates clinically occult secondary events, for example infection, aspiration or heart failure. Recent studies have attempted to investigate the etiology of AE-IPF by describing the biological phenotype of AE-IPF and looking more rigorously for potential causes. These studies suggest that AE-IPF is indeed an acceleration of the IPF disease process, but that it is probably caused by occult secondary insults, for example infection, aspiration and mechanical stress. [22] . HSP47 is a collagen-specific molecular chaperone necessary for collagen synthesis and deposition, and has been revealed to positively correlate with IPF survival [23] . Together, these results suggest that AE-IPF, once established, is characterized by an acceleration of the underlying IPF disease (i.e. an alveolar epithelial-cell-induced fibroproliferative process).
Potential causes of acute exacerbation of IPF

Infection
Huie et al. investigated the potential role of infection in acute respiratory worsening for 27 patients with fibrotic lung disease, 13 of whom had IPF [24] . For eight cases, a potential infectious etiology was identified by use of standard culturebased techniques and polymerase chain reaction (PCR) or antigen-based testing for common respiratory viruses. Of these eight, three had bacterial pneumonia, one had Pneumocystis jirovecii pneumonia, and four had evidence of replicating virus (two herpes simplex virus, one cytomegalovirus, and one parainfluenza virus).
Building on these results, our group, again in collaboration with investigators in Korea and Japan, used genomics-based techniques to investigate the role of viral infection as a potential cause of AE-IPF [25•] . Bronchoalveolar lavage (BAL) fluid from patients with AE-IPF was compared with that of patients with stable IPF by use of a pan-viral microarray and, for a subset, deep sequencing. Four of 43 AE-IPF samples (9 %) were positive for common respiratory viruses (two rhinovirus, one coronovirus, one parainfluenza virus) compared with none from the stable-IPF group. Fifteen additional viruses were identified in AE-IPF samples (one herpes simplex virus, two Epstein-Barr virus, and twelve torque teno virus), whereas no additional viruses were detected in the stable IPF group samples. The clinical significance of these non-respiratory viruses was unclear. Respiratory viruses may have been undetectable in some additional samples because of a delay between the onset of symptoms and BAL collection. Collectively, these data suggest that some AE-IPF cases are caused by clinically occult viral infection.
Aspiration of gastric contents
Abnormal gastroesophageal reflux (GER) is almost universal in IPF and is a known risk factor for aspiration [26•, 27, 28] . Two small studies of patients with GER and IPF have suggested stabilization both of the disease and of oxygenation by medical or surgical treatment of GER [29, 30] . Our group, in collaboration with investigators from Korea, measured pepsin levels (a biomarker of aspiration) in the BAL fluid of IPF patients with and without acute exacerbation [26•] . For this cohort, BAL pepsin level was positively associated with acute exacerbation status, a finding mostly resulting from the presence of a subgroup of AE-IPF cases (33 %) whose BAL pepsin levels were substantially elevated. A recent study, comparing outcomes for patients on and off proton pump inhibitor (PPI) therapy for abnormal GER, found PPI therapy to be associated with significantly reduced incidence of AE-IPF [31•] . These data suggest that aspiration of gastric contents, in particular acid, may be a cause of AE-IPF for a subgroup of patients.
Mechanical stress
There is increasing evidence that surgery can cause acute respiratory worsening in IPF, presumably the result of increased mechanical stress to the lungs. A large cohort of AE-IPF patients included 15 with a post-operative onset (eight lung biopsies, three lung resections and three non-respiratory surgeries) [3••] . Prolonged mechanical ventilation, high tidal volume and high concentration of supplemental oxygen during surgery have been proposed as potential causes [32, 33] . Other contributors to increased risk of AE-IPF after surgery may be the presence of typical histological honeycombing [34] , increased extent of radiographic fibrosis [35] , elevated serum Krebs von den Lungen-6 (KL-6), greater extent of surgical resection (lobe vs. wedge resection) [36] , high intra-operative fluid balance, and pre-operative elevation of C-reactive protein (CRP) [37] . There may also be an increased risk of AE-IPF post-BAL, particularly for IPF patients with poor lung function undergoing multiple BAL procedures [38, 39] .
Ambient air pollution
Finally, there is recent evidence that ambient air pollution exposure, notably ozone (O 3 ) and nitrogen dioxide (NO 2 ), may cause AE-IPF in some patients with IPF. In a retrospective analysis of a large well-defined cohort of IPF patients, our group in collaboration with investigators in Korea found that the mean and maximum exposures to O 3 and NO 2 were positively associated with an increased risk of AE-IPF [15] . Additionally, increased frequency of exposure to pollution levels exceeding published air quality standards was associated with an increased risk of AE-IPF.
Management
Prevention
Prevention of AE-IPF may prove the most effective approach to management (Table 2) ; there are currently no data from which to assess efficacy. Annual influenza vaccination (and pneumococcal vaccination where indicated) makes intuitive sense as a potential way to protect against respiratory infections that could cause acute exacerbation. Hand washing and other infection control policies are also prudent. Behavioral measures to reduce the risk of microaspiration (small meals, adequate time between meals and bed, elevation of the head of the bed) may also be appropriate general preventive measures for IPF patients. For IPF patients with documented abnormal GER, it may also be appropriate to consider medical or surgical treatment of GER to reduce the risk of aspiration-induced AE-IPF. For patients with IPF who are undergoing surgery, reducing the partial pressure of oxygen and tidal volumes used intra-operatively, when possible, may help reduce the risk of mechanical stress causing AE-IPF. Use of air quality measures (choice of living environment, and minimizing exposure to airborne irritants and pollutants including ambient ozone and nitrogen dioxide) may also be appropriate. Finally, therapy with the objective of treating the underlying fibroproliferation of IPF may also reduce the risk of AE-IPF, by controlling the pathological response of the IPF lung to potential stressors [8] .
Therapy
Once a patient with IPF develops an acute exacerbation, management is largely supportive ( Table 2 ). Many patients with AE-IPF present with respiratory failure, and the decision to intubate and mechanically ventilate is a crucial one. A retrospective study of 24 IPF patients identified eight admitted to the ICU during AE-IPF, and found that 22/24 died during hospital admission, with none of the AE patients surviving to discharge [40] . In another retrospective study, 24/25 IPF patients admitted to the ICU for respiratory failure of unknown cause died in hospital despite thorough work-up and corticosteroid therapy [41] . In the largest cohort study of AE-IPF published to date, approximately 50 % of patients required ICU admission, and 80 % of these patients died during the follow-up period (not necessarily during the hospitalization) [3••] . On the basis of these data, many IPF patients will decide against intubation. Ideally, this decision should be made with the patient and family, well ahead of time and after a thoughtful and measured discussion.
Most patients with AE-IPF receive corticosteroids, in accordance with the weak positive recommendation of the 2011 international evidence-based guidelines [1••] . There have been no randomized trials investigating the use of corticosteroids in AE-IPF. The rationale for corticosteroid use in AE-IPF is twofold. First, for a minority of cases of AE-IPF organizing pneumonia has been revealed on surgical lung biopsy, suggesting a corticosteroid-responsive element. Second, some data support the use of late steroids for acute lung injury (although this is a contentious topic in the acute Lung transplantation +/− +=Would consider using for most patients because potential benefit seems to outweigh potential harm; +/−=would consider using for selected cases because the balance of benefit and risk varies by clinical situation; −=would not consider using for most patients because evidence to support a clinical benefit is lacking IPF, idiopathic pulmonary fibrosis lung injury community), and acute lung injury has diffuse alveolar damage on surgical lung biopsy similar to that of AE-IPF. It is unknown what dose and duration of corticosteroids to use. For AE-IPF patients with respiratory failure, our practice is to treat with high-dose intravenous corticosteroids (e.g. 500 mg solumedrol daily) for 3-5 days, with tapering to a lower dose or discontinuation on the basis of clinical response. For less severe cases, oral prednisone 60 mg daily is used for 10-14 days with tapering as clinically indicated. Careful attention must be given to the individual risks of corticosteroid treatment for AE-IPF patients. Most patients presenting with AE-IPF receive empirical antibiotics targeting respiratory pathogens, although there is no data to support their use [42] . This is on the basis that underlying infection can be easily missed by microbiological testing, and that a treatment course of antimicrobial therapy is low risk. Our practice is to treat patients empirically for common community-acquired organisms.
Several small studies have reported varying efficacy of novel therapy for AE-IPF, but none has been rigorously tested in large randomized trials. Experimental therapy includes combined tacrolimus and corticosteroids [43] , polymyxin B-immobilized fiber column perfusion treatment [44] [45] [46] [47] [48] , cyclosporine-A [49, 50] and recombinant thrombomodulin [51] .
Prognosis
Short-term survival post-AE-IPF is poor, with a median survival of approximately two months post-event [3••] . Several markers of worse prognosis for AE-IPF have been identified, including lower baseline FVC and DLCO, elevated lactate dehydrogenase and CRP, and higher body mass index [3••, 12, 52] . Circulating fibrocytes and elevated Interleukin-17 levels may also be prognostic [45, 53] . Unsurprisingly, worsening gas-exchange despite treatment is a poor prognostic marker [12] . The radiographic pattern of involvement at the time of AE-IPF is also prognostic, with higher mortality associated with diffuse groundglass abnormality compared with a multifocal or peripheral distribution [16] . A composite HRCT score, including extent of ground-glass opacification, consolidation, traction bronchiectasis, and honeycombing, revealed that higher scores Fig. 1 Proposed conceptual framework for acute exacerbation of idiopathic pulmonary fibrosis (IPF). Patients with IPF and accelerated worsening of dyspnea can have parenchymal or extra-parenchymal explanations for their symptoms. We propose that those with parenchymal causes be categorized as acute respiratory worsening. Cases of acute respiratory worsening with evidence of diffuse alveolar injury on high-resolution computed tomography (HRCT ) scanning are subsequently categorized as acute exacerbation of IPF. For some cases of acute exacerbation of IPF, a cause will be identified (e.g. infection). Cases of acute respiratory worsening with no HRCT evidence for diffuse alveolar injury are categorized as other acute respiratory worsening, possible explanations for which are bronchitis, lobar pneumonia, and sub-radiographic acute exacerbation of IPF. PE, pulmonary embolism; CHF, congestive heart failure; PTX, pneumothorax predicted increased mortality risk after AE-IPF [54] . Such prognostic information may be useful for appropriate triage, and for decision-making regarding level and continuation of care.
The paucity of data on outcomes after lung transplantation currently precludes a recommendation for or against lung transplantation for patients experiencing AE-IPF. Individual outcomes probably depend on a combination of patient factors and center-specific experience.
Proposed conceptual framework
Defining AE-IPF has catalyzed the recognition and characterization of a previously under-recognized and underappreciated aspect of the natural history of IPF. We believe the current definition, however, has led to an organizational framework for acute respiratory worsening in IPF that emphasizes and prioritizes idiopathic events over those of known cause-a framework that emerging data suggest may be conceptually flawed.
Data reviewed earlier in this article suggest that many socalled acute exacerbations of IPF are in fact not idiopathic. Instead they seem to be caused by a variety of secondary events, including infection and aspiration. In support of this hypothesis, epidemiological data reveal that AE-IPF and acute respiratory worsening of known cause have similar clinical characteristics and outcomes [3••, 13] . Taken together, the above data suggest that AE-IPF as currently defined may be an artificial constructa clinical distinction without biological or clinical evidence to support it. This hypothesis could of course be wrong, but we believe the current balance of evidence argues in its favor.
This does not mean that the concept of acceleration of the underlying disease in AE-IPF is incorrect. Indeed, microarray and biomarker data reviewed earlier suggest that the overall evidence from AE-IPF cases does indeed indicate accelerated disease. We speculate that for patients with AE-IPF, unrelated clinical events (e.g. infection, microaspiration), that in nondiseased lungs would perhaps cause no clinically significant sequelae, lead to diffuse alveolar injury and acceleration of the fibroproliferative process. The IPF lung may be prone to sudden decline because of its inability to undergo normal alveolar repair, and may require only minor stressors to initiate a rapid decline.
In conclusion, we propose that clinicians and researchers consider a new conceptual framework for acute exacerbation in IPF that de-emphasizes etiology (i.e. removes the idiopathic requirement) and emphasizes the presence of diffuse injury signifying clinically significant disease worsening (Figure 1) . In this conceptual model, the hypothesis is that all acute respiratory worsening of IPF have a secondary cause (some clinically identifiable, some not), and that some acute respiratory worsening lead to acceleration of the underlying disease, resulting in diffuse alveolar injury-i.e. exacerbation. We encourage researchers to think creatively about AE-IPF and consider alternative conceptual frameworks, for example the one presented here. More research into AE-IPF is needed to further improve our understanding of these clinically meaningful events.
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